Low-carbon weld metals with various amounts of Mn and Ni addition were made using metal-cored wires and Ar-2%O 2 shielding gas, and their mechanical properties were evaluated. The objective of the research, aimed to develop welding consumables with better resistance to cold cracking, was to determine the optimum composition ranges of Mn and Ni, in the presence of carbon content less than 0.02 %. The hardness of weld metals were found to increase linearly with Mn and Ni, which was attributed mainly to solid solution strengthening and in part to formation of hard phases. Varying Ni content influenced Charpy impact energy, the extent of which depended on Mn content. For a low-Mn composition, Ni addition increased hardness without sacrificing impact toughness whereas for a high Mn composition, Ni deteriorated the impact toughness seriously and caused intergranular fracture. The fracture path followed columnar grain boundaries that are identical to prior austenite grain boundaries since no d-ferrite phase formed during solidification. Accordingly, these boundaries without having ferrite phase were susceptible to cracking under dynamic loading. Based on hardness and impact resistance, the optimum levels of Mn and Ni were suggested to be 0.5-1 % and 4-5 %, respectively.
Introduction
Recent advances in welding technology of high strength steels demand deletion of the preheating step to achieve high productivity, which in turn requires that base metal as well as weld metal retain a high strength and a high toughness under a wide range of heat input. For the case of base steel susceptible to low temperature embrittlement, HSLA-100 has been developed to replace HY-100 since a strict preheating specification is stipulated in welding the latter steel. [1] [2] [3] Preheating can be minimized in welding HSLA-100 because of a low carbon equivalent while the strength is supplemented by precipitation hardening due to Cu addition. 4) However, welding wire electrodes to match HSLA-100 base metals are not commercially available yet, and therefore MIL-120S wire electrode developed for HY-100 is still being used. Consequently the merit of HSLA-100 is not fully realized because MIL-120S, being susceptible to cold cracking, needs preheating. 5) To overcome this problem, Green et al. 4) attempted to develop an ultra-low carbon bainite (ULCB) weld metal that has lower than 0.02% carbon but contains Mn, Ni and Mo to supplement strength. DeLoach et al. 6 ) also attempted to optimize the chemical composition of MIL-120S by lowering carbon below 0.04% and adding Ni and Mo to replace Cr. Meanwhile there is a continuing research effort on improving the base metal such as super steel with ultra-fine grain size, 7) which further stimulates research on an advanced welding wire electrode. However, literature on the effect of the alloying elements on the mechanical properties of weld metal with extremely low carbon, less than 0.02%, is scant in contrast to the case of relatively high (more than 0.04%) carbon content. 8) The purpose of the present study is to develop welding wire with good strength and toughness under a wide range of heat input without preheating. To achieve this aim, the alloy composition was designed such that the matrix contained extremely low carbon and suitable amount of Mn and Ni. The objective of this paper was to identify desirable concentration ranges of the two alloying elements based on a good combination of hardness and CVN impact toughness.
Experimental Procedure
Experimental material was made from metal-cored wire. Wires, 1.37 mm in diameter, were made by drawing roundshaped strips of 0.4 mm in thickness containing alloy powders. Chemical compositions of the powder mixtures as well as the strips were controlled so that carbon content was below 0.02%. Powder mixing was performed for 20 min at 30 rpm using a V-cone mixer. Prior to welding, the welding wires were baked for 1 h at 350°C, and then the surface of wires was cleaned by wiping in a patch. Using a mild steel plate of 25 mm in thickness as base metal and 45°in groove angle and 13 mm in root gap as joint design, welding was performed in the flat position at a speed of 25 cm/min under a protective gas atmosphere consisting of argon and 2% oxygen. Using two passes per layer (three passes for the last layer), the total number of runs was 12. During welding the temperature of both the base metal and the interface of weld layers was maintained at 150°C and the welding current and voltage were kept at 230 A and 20 V, respectively. These conditions were equivalent to a heat input of 1 kJ/mm. Figure 1 shows a schematic drawing of welding sequence and a photograph of welded joint. Test specimens were obtained from the weld metal.
Chemical composition of weld metal was analyzed by an optical emission spectrometer using specimens obtained from the center region, 2 mm below the top surface of base metal. From the same region, material for Charpy impact test was obtained and machined into test specimens according to KS B 0821 9) with the notch aligned to the center line of the weld metal. Charpy impact test was done by one specimen for each condition. Hardness was measured on material within 10 mm from the region where the center position of impact specimens was located. The average values of ten measurements of Rockwell B and Rockwell C scale were converted into Vicker's pyramid numbers (VPN) according to the conversion table. 10) For the observation of the microstructure of weld metal, metallographic specimens were also extracted from the same region. After mounting in bakelite, they were polished to a 1 mm diamond finish, and then etched in 2% nital solution. Microstructure examination was carried out on a Nikon-Optiphot-II microscope and a JEOL-6400 scanning electron microscope. X-ray diffraction analysis was performed to identify the retained austenite phase across weld bead in specimens with the high-Ni alloy (W3 weld and W6 weld). Specimen contained the part of 8-12th bead in Fig. 1(a) . These specimens were ground on successive emery papers up to 1 000 grade and then chemically polished in a solution containing 3 ml HFϩ100 ml H 2 O 2 for about 10 min in order to remove any deformed surface where mechanically-induced transformation of the retained austenite phase may be occurred. After these treatments, the specimens were scanned using CuKa radiation.
Results

Effect of Alloying Elements on Microstructure
Chemical compositions of weld metal are shown in Table 1 . The nominal compositions were designed such that Ni content was varied to 1, 3, 5, and 8% while keeping Mn content at two levels, 0.5% and 1.6%. Actual compositions were close to the nominal compositions except for the slightly high Si content (0.4%) in specimens W4, W5 and W6 as compared to that (0.2%) of specimens W1, W2 and W3. Particularly, the carbon content of all specimens was kept below 0.02%. Nitrogen and oxygen in specimens were in the level of 30-70 ppm and 1 100-1 500 ppm, respectively.
Most multi-layered weld metals consist of a zone of columnar grains and a zone reheated by successive weld deposits. The reheated zone, in turn, consists of high-temperature reheated zone and low-temperature reheated zone, corresponding to the peak temperature of approximately 1 300°C and 900°C, respectively. Each zone shows microstructure characterized by coarse-grained and finegrained structures, respectively. In the weld metal obtained by the present processing method, however, the clear demarcation of the coarse microstructure and fine microstructure was present only in the composition of W4, Fe-1.76%Mn-2.88%Ni. In the other specimens, the microstructure consisted of predominantly fine grains. Accordingly, microstructural examination was confined to the columnar grain zone and the reheated zone consisting of fine grains.
Description of the microstructure of weld metals is difficult when there is little carbide due to low carbon content in the steel. For example, it is difficult to differentiate among acicular ferrite, bainite and martensite.
11) Therefore we adopted the terminology as summarized in Table 2 , which consists of grain boundary ferrite (GF), ferrite sideplates (FSP or FSB), acicular ferrite (AF) and lath martensite (M). Various other terminologies were used by Abson et al., 12) Harrison et al., 13) Pargeter 14) and Jung et al., 15) as presented in Table 2 . Columnar microstructures, obtained from the top most weld bead-the 12th bead in Fig. 1 (a)-are shown in Fig. 2 and Fig. 3 as a function of Mn and Ni content. In the case of 0.5% Mn, shown in Fig. 2 , the microstructure exhibited lath martensite phase increasing with Ni content. For 1.08% Ni (W1 weld) and 3.85% Ni (W2 weld), coarse grain boundary ferrite was the predominant phase. For 6.95% Ni (W3 weld), however, the volume fraction of grain boundary ferrite decreased considerably and the width of the individual ferrite became narrow. Instead, acicular ferrite, ferrite sideplates and lath martensite increasingly filled the grain interior as shown in the SEM micrograph, Fig. 2 
(d).
Microstructure of high Mn (1.6%) alloys also showed a variation with Ni content. The microstructure of the low-Ni (2.88%, W4 weld) alloy, shown in Figs. 3(a) and 3(d), consisted of mainly grain boundary ferrite and acicular ferrite in the grain interior. Columnar grains in this weld showed thickness in the range of 150 to 200 mm. The welds with increased Ni content (5.23% in W5 weld and 7.45% in W6 weld) showed columnar grains with well-developed cell structure. The width of the columnar structure increased significantly, ranging from 400 to 500 mm. There were, however, two significant differences in the two alloys, W5 and W6. First, grain boundary ferrite was present and decorates the prior austenite grain boundaries in 5.23% Ni weld ( Fig. 3(b) ) but not in 7.45% Ni weld (Fig. 3(c) ). Second, SEM examination of the grain interiors revealed a mixture of some acicular ferrite and increased volume of ferrite sideplates and martensite in 5.23% Ni alloy whereas predominantly lath martensite in 7.45% Ni alloy. Table 2 . Definition of terms used in description of microstructure of weld metals and equivalent terminology cited in literature. Microstructure of reheated zone, like that of columnar zone, showed effects of the alloying elements as shown in Figs. 4 and 5. In the case of low-Mn alloys (0.5%), the overall microstructure, as shown in Fig. 4 , was characterized as mainly ferrite regardless of Ni content. Increased Ni content resulted in a slight reduction in the grain size of ferrite. In high-Mn alloys (1.6%), the microstructure showed a sensitive dependence on Ni content. As shown in Fig. 5(a) , the columnar structure completely transformed to ferrite, either equiaxed or globular, in the low-Ni (2.88%) alloy. On the other hand, the columnar microstructure was largely retained in the high-Ni alloy. Furthermore, the microstructure showed an increasing stability with Ni content: columnar grains were slightly transformed in the low-Ni alloy (5.23%) whereas they were mostly intact in the high-Ni alloy (7.45%).
Meanwhile, the welds with high Ni content can normally include the retained austenite, which can affect the mechanical propertis of weld metal. X-ray diffraction analysis was performed to identify the retained austenite phase across weld bead in specimens with the high-Ni alloy (W3 weld and W6 weld). Specimen contained the part of 8-12th bead in Fig. 1(a) . As shown in Fig. 6 , no retained austenite phase was not observed. This is thought to be due to the low content of carbon in the present welds. Previously, one of the present authors has studied Fe-14wt%Ni-0.003wt%C weld in cryogenic 9% Ni steel, but no retained austenite was observed in the weld metal.
16) It also implies that the retained austenite phase, mostly formed by the enrichment of carbon, is difficult to be developed in the weld of low carbon content.
Effects of Alloying Elements on Mechanical
Properties Like the microstructure, the mechanical properties of the weld metal showed a sensitive dependence on alloying elements. The hardness of specimens obtained from weld zone are shown in Table 3 . Regardless of Mn content, Ni increased the hardness, empirical relationship between the two quantities being as following: at 0.5% Mn level: VPNϭ14Ni+111 at 1.6% Mn level: VPNϭ13Ni+177, where Ni is in wt%. As can be seen in the above relationships, the strengthening effect of Mn was greater than that of Ni. Despite the strengthening effect, Ni did not always result in embrittlement, which was evident in the result of Charpy impact test. As shown in the curves of the impact energy as a function of temperature in the range of Ϫ175°C to room temperature, Fig. 9 , the ductile-to-brittle transition temperature of weld metal was unaffected by Ni content at low level of Mn, 0.5%. At 1.6% Mn, however, the impact toughness was seriously reduced by a large addition of Ni: addition of 7.45% Ni resulted in very low impact toughness even at room temperature. SEM examination of the fracture surfaces of Charpy test specimens broken in brittle manner evidenced distinct fracture characteristics in the two welds of different Ni level. The low-Ni (2.88%, W4) weld mostly showed a transgranular cleavage fracture, Fig. 10(a) , but the high-Ni (7.45%, W6) weld mainly showed an intergranular fracture mode, Fig. 10(b) . In the latter case, the fracture path corresponded with the boundaries of coarse columnar grains that are shown in Fig. 3(c) and Fig. 5(c) .
The fracture surface of all welds with low-Mn content showed a cleavage fracture similar to that of W4 weld.
Discussion
Effect of Mn and Ni on Phase Transformation
In the present experimental weld compositions of extremely low carbon content, there appeared a variety of microstructural constituents such as grain boundary ferrite, ferrite sideplates or bainite, acicular ferrite and lath martensite. Since the distribution of these microstructural constituents crucially affects mechanical properties it is necessary to understand the transformation routes of each weld. For this purpose, phase transformation characteristics of the weld metal will be discussed in the order of as-deposited condition and reheated condition. In the as-deposited condition, a consistency is found in the microstructural development of the weld metals of experimental compositions, which can be explained by principles of phase transformation. This consistency is based on the austenite-stabilizing effect of Mn and Ni. For example, the phase constituent varied from grain boundary ferrite to acicular ferrite, to ferrite side plates and then to lath martensite with increasing Ni content at a fixed Mn content. Appearance of acicular ferrite and martensite required a threshold amount of Ni. This result accords with the report of Zhang et al., 17) who found that acicular ferrite started to form with increasing Ni content in Fe-0.04%C-0.7%Mn alloy and that about 30 vol% martensite formed at 5.5% Ni. They also found that at higher level of Mn, 1.6%, martensite formed at even lower Ni, 2.5%. Another aspect supporting this rationale is the appearance of grain boundary ferrite in low-Mn alloy in the present study. As shown in Fig. 2 , grain boundary ferrite was predominant in 0.5% Mn alloys for Ni concentration equal to or less than 3.85%.
The austenite stabilizing effect of Mn and Ni is not new in phase transformation of steel. 18) However, this effect in extremely low-carbon steels, important in development of welding wires, has not been fully documented in literature. Fe-rich side of Fe-Ni equilibrium phase is given in Fig. 11 as a function of temperature and the Ni content. 19) Depending on the Ni content, phase transformation sequence may involve d phase formation as illustrated in Fig.  11 . For example, the low-Mn alloy containing low Ni (3.85%, W2 weld) undergoes d→g transformation during which austenite grain growth is retarded. Moreover, the carbon concentration gradient ahead of growing austenite is insignificant due to extremely low concentration of carbon in the alloy. As a result, ferrite grains formed at grain boundaries quickly outgrow into g grains and establish a coarse microstructure.
In the present work, microstructure constituents were controlled by the relative level of Mn and Ni content. Based on the microstructural examination, a CCT diagram may be constructed like the one shown in Fig. 12 . Transformation path of each alloy may be qualitatively drawn in the diagram assuming the shift of phase field due to difference in chemical composition. Each alloy undergoes varying extent of diffusional transformation due to the level of Mn and Ni addition. Increasing the level of Mn and Ni addition, phase field of each alloy shifts to the right. To obtain a desirable microstructure, it should therefore be noted that the level of Ni addition needs to be closely balanced with that of Mn content.
Based on B s and M s equation, 20) the effect of Mn in retarding diffusional transformation was stronger than that of Ni. Comparing the microstructures of W3 weld (Fe-0.5%Mn-6.95%Ni) and W6 weld (Fe-1.61%Mn-7.45%Ni), the former showed a mixture of grain boundary ferrite, ferrite sideplates, acicular ferrite and lath martensite whereas the latter showed only lath martensite. The strong austenite stabilizing effect of Mn has been also reported in other systems. 13) Since this result was obtained at the similar Ni level, it was concluded that Mn was a stronger austenite stabilizer than Ni in extremely low-carbon steel as well.
In the reheated condition, a new microstructure was developed by weld thermal cycles when the total alloying concentration is low but the as-deposited microstructure was stable when the amount of alloying element was high. For example, in the welds with low Mn content (0.5%), reheating resulted in substantial amount of equiaxed and globular ferrite transformed from the as-deposited microstructure as shown in Fig. 4 . As the Ni content increased, the grain size of reheated zone became reduced. At high level of Mn (1.6%), however, equiaxed ferrite and globular ferrite were found only in the specimen with low Ni content (2.88%, W4 weld) as shown in Fig. 5 . The alloys containing higher amount of Ni did not experience microstructure change during reheating. Similar cases of as-deposited microstructure stable against reheating have been reported by Zhang et al. 17) The major reason for this microstructural stability is attributed to retarded transformation kinetics of steels with higher Mn and Ni content.
Effect of Alloying Elements on Mechanical Properties
Each alloying element exerts individual effect on mechanical properties of weld metal. Mutual interaction among alloying elements, however, results in an additional effect. For example, Ni is known to increase toughness when it is added alone; however, being co-present with Mn, Ni affects mechanical properties in complicated ways. 8, 17, 21, 22) In the present study, the effect of these two elements on mechanical properties will be discussed in terms of microstructural characteristics induced by the two elements.
As shown in Fig. 7 , the hardness of weld metal increased with Ni content at a fixed amount of Mn added. In addition, the base hardness increased with Mn content. Meanwhile, alloying addition promoted acicular ferrite and lath martensite at the expense of grain boundary ferrite. Since the former phases have higher dislocation density than the latter, they cause hardness increase. Although both Ni and Mn were responsible for hardening, the relative magnitude of hardening effect of Mn was much greater than that of Ni, approximately 5 times as much, as shown in Figs. 7 and 8 . Since the microstructural evolution involving martensite phase formation was similar for the alloys containing the two elements it may be concluded that Mn resulted in additional hardening such as solid solution hardening.
Although Mn and Ni both rendered the same beneficial effect on the hardness of weld metals they influenced impact toughness in different ways. In the case of low Mn content, 0.5%, there was not any increase in ductile-to-brittle transition temperature even with the higher hardness by Ni addition. It is believed that Ni improves the toughness by refining the grain size in the columnar zone as well as by Ni by itself. On the other hand, in the case of high Mn addition, 1.6%, the impact toughness was impaired with a large addition of Ni. The cause of toughness reduction was sought in the characteristics of the microstructure: when Ni was co-present with a high amount of Mn, the microstructure became predominantly martensite that is often susceptible to intergranular brittle crack propagation. A similar observation was reported in steels containing Mn and Ni with 0.048 wt% C. 17) The intergranular fracture characteristic of high-Mn and high-Ni alloy is another factor limiting the maximum content of the alloying elements. A schematic description of transformation route depending on Mn and Ni is given in Fig. 13 . The boundaries of austenite grain, which is developed from d-boundaries, will disappear when grain boundary ferrite form during cooling , which applies to the present case of the alloys with low Mn and Ni. This type of transformation route is shown in Fig. 13(a) . Even with the direct solidification to austenite, as shown in Fig. 13(b) , the austenite grain boundaries can be decorated with grain boundary ferrite, which is shown in Fig. 3(b) . This type of transformation route can suppress the intergranular fracture, which was indeed shown in W5 weld. When the transformation route consists of liquid, austenite and martensite without a formation of grain boundary ferrite, however, the prior austenite grain boundaries remain as shown Fig.  13(c) . This type of transformation, which occurs in the alloy with the largest amount of Mn and Ni (W6 weld), results in weak prior austenite grain boundaries due to the possible segregation of impurities such as S and P and residual stress buildup at the boundaries.
Considering the mechanical properties and microstructures, a desirable alloy composition was sought. To summarize the mechanical properties, the relationship between the Charpy impact energy and the hardness of present alloys is shown in Fig. 14 . Simultaneous increase of both Mn and Ni to a high level must be avoided due to grain boundary embrittlement. From the standpoint of grain boundary imbrittlement, the decoration of prior austenite grain boundaries with grain boundary ferrite phase is most critical. It is concluded, therefore, the range of alloying additions must be carefully controlled to 0.5-1% Mn and 4-5% Ni.
Conclusions
An investigation to find a chemical composition of an extremely low-carbon weld metal suitable for no-preheating weldment led to the following conclusions:
1. The hardness of weld metal increased linearly with Mn and Ni additions with the following relationships: VPNϭ14Niϩ111 for 0.5% Mn and VPNϭ13Niϩ177 for 1.6% Mn. Both alloying elements were also beneficial to Charpy impact toughness except at a very high level of Ni and Mn, in which case a brittle intergranular cracking occurred. 2. A wide range of microstructures, such as various ferrites and lath martensite, formed in different proportion in columnar zone and reheated zone. To prevent the intergranular fracture, it is favorable to decorate prior austenite grain boundaries with ferrite phase, i.e. grain boundary ferrite. At high Mn and Ni concentration, grain refining did not occur in the reheated zone.
3. For a desirable combination of hardness and impact toughness, the presence of grain boundary ferrite and the occurrence of grain refinement in the reheated region were important. Using these criteria, the ranges of alloying additions recommended for weld metal were determined: Fe-(0.5-1%)Mn-(4-5%)Ni-(Ͻ0.02%)C.
